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Abstract. We  report on temperature-dependent  Hall effect measurements on Si 6- 
doped  GaAs  samples  grown by MBE at 480 "C, 530 "C and  620 "C. In the best 
sample  grown  at 480 "C the  mobility is 6760 cm2 V" S" at 4.2 K. To our 
knowledge this is the  highest  mobility  ever  reported  in  a 6-doped structure.  From 
subband population  measurements  the  spreading of the  donors in the  samples 
grown  at  low  temperature is determined to be 20 A. On  these  high-mobility 
samples  we  were  able to perform  the first reported cyclotron resonance 
measurements.  The  electron  effective  mass is found to be  considerably  higher 
than that at the r-conduction  band  minimum in GaAs. 
1. Introduction 
Recently there  has been a  lot of interest in the physics of 
sharply confined doping  layers  (6-doping).  Until now 6- 
doping  has been used successfully for Si layers in GaAs 
and Al,Ga, -,As [l ,  21, Sb  layers in Si [3] and S layers in 
InP [4]. Both  molecular beam epitaxy (MBE) and metal 
organic chemical vapour  deposition (MOCVD) have been 
used to grow such  6-doped layers. The  two-dimensional 
nature of the electrons confined in the potential well, 
induced by the &doped donor layer, was first shown 
from Shunikov-de Haas (SdH) measurements by Zrenner 
et a1 [l]. It has been shown from secondary ion mass 
spectrometry (SIMS) [ S ]  and subband population mea- 
surements [2, 61 that the spreading of the donors is 
strongly reduced when the growth temperature is low- 
ered. Recently, Gillman et al [7] presented Hall effect 
measurements of the  electron  density and mobility in Si 
6-doped  GaAs samples grown at 590 "C. They reported  a 
maximum  Hall mobility of 2000 cm2 V"s- at 4.2 K. 
By growing at low temperature, 480 "C, we are  able to 
enhance the mobility at 4.2 K to 6760 cm2 V"s- . In 
this paper we present measurements on the Hall effect 
and  subband  population  carried  out  on Si 6-doped  GaAs 
samples grown at 480 "C, 530 "C and 620 "C. We also 
report  cyclotron  resonance (CR) measurements on 6- 
doped samples for the first time. 
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2. Experiment 
The  &doped samples were grown in our  computer- 
controlled Varian modular MBE system. The semi-insu- 
lating  GaAs [ l001 substrates were carefully cleaned and 
etched before they were introduced  into the MBE system. 
The  substrates were annealed at 630 "C in As4-flux in  the 
MBE prior to growth, in order to remove the oxide layer 
from the substrate surface. The samples were grown at 
substrate  temperatures between 480 "C and 620 "C. The 
As/Ga beam equivalent pressure ratio was close to 1.5 
and the GaAs growth rate close to 1 pm h-'. In these 
samples the  background  acceptor  concentration was 
lower than 1 x 1014 cm-3 as  determined from 'Polaron 
profiler' and CV measurements. In order to obtain a 
planar  doping layer on a  smooth surface, the  growth of 
GaAs was interrupted by closing the Ga shutter and 
waiting for 10 S; then the Si furnace was opened  either for 
7.5 S or 30 S to deposit  the  doping layer of 2 x 10l2 or 
8 x 10l2 atoms  cm-2, respectively. During the growth of 
GaAs the Si surface was kept at 1400 "C in order to 
obtain a Si flux as high as possible. The samples were 
grown with a buffer layer between the  doping layer and 
the  substrate of 2.5 pm  and  a  top layer of 1 pm. 
We first used the Van der Pauw method for the 
characterisation of the electrical transport  properties of 
the samples. The  subband  population  measurements 
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were performed on Hall bar shaped samples.  Ohmic 
contacts were made by annealing  small Sn balls at 400 "C 
during 1.5 min  under  a N2:H2 = 4:l flux. The Hall 
mobility and electron density were measured between 
4.2 K and 300 K. The samples were illuminated with 
GaAs  outgap  radiation of a red LED (A = 650 nm) 
mounted inside the  cryostat. 
We have grown two sets of samples with doping 
concentrations of 2 x 10l2 cm-2  and 8 x 10l2 cm-2  at 
three different substrate temperatures, 480 "C, 530 "C 
and 620 "C, see table 1. This  table  also  shows  the 
measured Hall density and mobility of the samples at 
4.2 K. The results clearly show that the  Hall  mobility at 
4.2 K increases by a  factor of 2 when the  growth  tempera- 
ture is decreased  from 620 "C to 480 "C. The Hall elec- 
tron density decreases when the growth temperature is 
lowered. After illumination the mobility in all samples 
increases, whereas  the  lectron  density  stays  almost 
equal. The observed mobility of 6760 cm2 V-' s - l  in 
sample A and 5150 cm2 V- 's-l in sample D are the 
highest Hall mobilities in Si &doped  GaAs samples at a 
sheet donor concentration of 2 x 1 O I 2  cm-2 and 8 x 
10l2 cm-2 reported  thus far [7, 81. 
Figure 1 shows the temperature dependence of the 
Hall  electron  density and mobility of the  samples A, C, D 
and F between 4.2 K and 300 K before and after illumin- 
ation. In the  temperature  range between 4.2 K and 100 K 
the Hall mobility in the samples A and D, grown at 
480 "C, appears  to be much higher than in  the  samples C 
and  F,  grown  at 620 "C. In samples C and F, grown  at 
620 "C, the  electron  density below 100 K compares very 
well with the sheet doping  concentration. On the  other 
hand for samples A and D, grown at 480 "C, for both 
doping  concentrations  the  electron  density below 100 K 
appears  to be smaller by almost  a  factor of 2. We note, 
however, that in  8-doped  structures  normally  more  than 
one  subband is populated.  These  subbands have a differ- 
ent  mobility. They thus  add in a  complicated way to  the 
measured  Hall  voltage [S]. Hall  measurements  therefore 
in general give only limited information on the total 
electron  density. 
A method which is able to determine the electron 
density  in  the different subbands separately is based on 
the SdH effect. We carried out measurements on Hall-bar 
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Figure 1. The measured  temperature dependence of the 
Hall electron density and  mobility between 4.2 and 300 K 
before illumination (open symbols) and  after illumination 
(solid symbols) with a red LED in  sample A,  C, D and F, see 
table 1. 
shaped  samples  in  magnetic fields up  to 20 T.  The weak 
oscillations in pxx and pxv were resolved by measuring 
dpJdB  and dp,/dB with a  modulation field of 0.03 T at 
a frequency of 70 Hz.  The  subband  population has been 
determined by taking  the fast Fourier  transform (FFT) of 
dp,,.dB and dpJdB. In sample D it was difficult to 
determine the exact population of the lowest subband 
due  to the small number of weak oscillations visible in 
dp,,.dB and  dpxy/dB.  The results for samples A and D 
are given in table 2. The total electron density, i.e. the 
sum of the  electron densities in all the subbands, is 
smaller than the number of doping atoms deposited 
during  growth  for these samples. The  total electron 
density in sample D is less than four times the total 
electron density in sample A although the doping con- 
centration is four times higher.  Illumination of sample A 
and D with a red LED only  changed  the subband  popula- 
tion slightly. 
On the  high-mobility  samples A and D we also 
performed cyclotron resonance (CR) measurements. To 
our knowledge these are  the first CR measurements on 8- 
doped  samples  reported  thus  far. The measurements were 
done in magnetic fields up to 20 T with an optically- 
pumped FIR laser.  Figure 2 shows  a typical example of a 
Table 1. The  sheet doping concentration, N,, growth temperature,  Hall 
electron density  and Hall  mobility at 4.2 K before  and after illumination. 
Mobility 
Electron density (cm-') (cm' ) 
(cm-') ("C) dark light dark light 
A 2 x 10'' 480 1.14 x lo1' 1.13 x 10'' 5450 6760 
B 2 x 10l2 530 1.13 x lo1' 1.14 x 10'' 5170 6540 
C 2 x 10' 620 1.87 x 10' 1.73 x lo1' 2230 3270 
D 8 x 10' 480 3.76 x 10l2 3.27 x 10' 3850 5150 
E 8 x 10' 530 5.70 x lo1' 5.05 x 10" 2260 2800 
F 8 x 10l2 620 7.46 x 10' 7.30 x 10l2 2240 2430 
N D  Tgrowth 
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Table 2. The measured and calculated subband 
population ni (10” cm-’) at 4.2 K in the samples 
A and D before and  after illumination. The total 
electron density is  given by n,,,. A square donor 
distribution of 20 8, and a  background impurity 
concentration of 1 x 1014 cmp3 are used in the 
calculation. 
dp,,ldB  dp,,ldB Calculated 
A no 1.37  1.37  1.38 
n, 0.38 0.38 0.37 
ntot 1.75 1.75 1.75 
A,, ,  no 1.50  1.53 
n, 0.45 0.42 - 
ntot 1.95  1.95 - 
- 
D no 3.50 ? 3.60 
n, 1.23 1.24 1.29 
n2 0.51 0.52 0.46 
ntot 5.24 ? 5.25 
D,,, no 3.50 ? 
n, 1.29 1.30 
n2 0.56 0.55 - 
nfot 5.35 ? - 
- 
- 
0 5 1 0  15 2 0  
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Figure 2. A measured FIR absorption  profile as  a  function of 
the  magnetic field at  a  wavelength of 77.4 pm at 1.3 K. 
measured CR profile. All measured CR profiles were very 
broad and some of them had  an asymmetric shape. In 
figure 3 we have plotted  the  apparent cyclotron effective 
mass  derived  from  the  transmission  minimum  for  sample 
D as a function of energy. Similar measurements on 
sample A showed a smaller value. The effective mass 
shows  a  complicated  behaviour  as  a  function of energy 
for both samples A and D. 
3. Self-consistent calculation of the  subband energies 
and envelope wavefunctions 
We calculated  the  confining  potential, subband energies 
and envelope wavefunctions self-consistently by solving 
simultaneously  the  Poisson and  Schrodinger  equations. 
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Figure 3. The effective  mass determined  from the  magnetic 
field  position of the minimum  in the FIR absorption  profile 
as a  function of the energy of the CR at 1.3 K. 
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Figure 4. The calculated  energy  and  probability 
distribution, Iqi(z)12, of each  subband (solid  curves)  and the 
electrostatic  potential  (broken  curve)  for a 6-doped 
structure. The 4.5 x 10’’ cm-’  donors  are  distributed over 
40 8, in (a )  and over 180 8, in ( b )  as indicated by  the  black 
box. 
Due  to  the high electron  density in a  &doped  structure, 
more  than  one  subband is populated.  The  distribution of 
the  electrons  over  the subband was calculated  taking into 
account  the  non-parabolicity of the r-conduction  band 
[lo]. In figure 4 we show  as an example  the  probability 
distribution, Iqj(z)12, and E j  in a 8-doped structure in 
which 4.5 x 10l2 cmp2  donors  are spread  over 40 A and 
180 A. It is clear from these figures that the  distribution of 
the  electrons  over  the levels is dependent on the  width of 
the donor  distribution.  The width of the  donor  distribu- 
tion  can  thus be used as a  fitting  parameter  in  the 
calculations to  obtain  the same  sub-band  population  as 
measured. 
We studied  the influence of the  exchange and correla- 
tion effects on the  subband energies and envelope wave- 
functions.  Table 3 gives the  calculated subband 
population and the energy of the lowest subband with 
and  without  the exchange  interaction  included, for sam- 
ples with a width of the donor distribution of 100 8, 
(columns 1 and 2 of  table 3). The calculations  show that 
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Table 3. The  relative  population, ni ,  of the  subbands  and  energy of the  lowest  subband, 
E,, calculated  for: 
(1) a square  donor  distribution of 100 8, with exchange  interaction; 
(2) a square  donor  distribution of 100 8, without exchange  interaction; 
(3) a Gaussian  donor  distribution of 25& 8, with exchange  interaction. 
Relative  subband  population  Lowest  subband E, (rnev) 
k D E O  (cm-2) i 1 2 3 1 2 3 
1.0 x 10'2 0 
1 
4.5 x 10'2 0 
1 
2 
3 
10.0 x 10'2 0 
1 
2 
3 
4 
0.797 0.775 0.771 13.55 12.94 
0.203 0.225 0.229 - - 
0.594  0.583  0.581  25.6   25.16 
0.293  0.288  0.284 - 
0.100 0.105  0.110 
0.013  0. 23 
0.508  0.502  0.502 35.14 34.04
0.304  0.299  0.293 
0.136 0.136 0.139 
0.049 0.053  0. 54 
0.004  0. 1   0. 12
- 
- - 
0.025 - - 
- - 
- - 
- - 
- - 
the influence of the  exchange  interaction on  the  subband 
population  and energy is only  weak. 
We also  studied  the  changes of the  subband  popula- 
tion  and energies for the case of a  Gaussian  distribution 
of  the  donor  atoms, N,(z) = 2/cr,/;; exp( - z/cr)', instead 
of a  square  distribution [l, 5 ,  111. Calculations  show  that 
a Gaussian  distribution with a half width cr = (d/4)& 
gives nearly the same subband population as a square 
distribution with a  width d. This is shown  in  columns 1 
and 3 in table 3 in  the case of a square  distribution with a 
width of 100 8, and a  Gaussian  distribution  with  a half 
width of25,/;; A. On the  other  hand,  the  subband energy 
is sensitive to  the  donor  distribution if the  electron 
density is high. We conclude that  the  shape of the  donor 
distribution influences the  calculated subband energy at 
high electron densities only. 
4. Discussion 
The  subband  population measured  in  samples A and D is 
in good agreement with the calculations for a square 
donor  distribution  donor with a  width of 20 A, see table 
2. It is difficult to give a very accurate value for the  width 
because below 20 A the subband population is nearly 
independent of the  width of the  donor  distribution.  The 
total  electron  density  found  in  sample  A by the FFT on 
dp,,/dB and dp,/dB is nearly equal to the intended 
donor  concentration.  Only a  small  fraction of the elec- 
trons is missing, probably due to the formation of a 
depletion layer on both sides of the &doped layer, see 
table 2. In sample D, however, the  total electron  density 
is much smaller than the sheet doping concentration. 
Zrenner et a1 [2] found  that  the  electron  density is not 
only dependent on the sheet doping concentration but 
also on the  width of the  donor  distribution. They  argued 
that this is due to the  DX-centre at 200 meV above  the l" 
band. For the  same  number of electrons  originating  from 
the  same sheet doping  concentration,  subbands  at higher 
energies are  populated in samples with a  narrower  donor 
distribution.  Thus a  threshold of 200 meV is reached at a 
lower doping  concentration  than  for  a wider donor 
distribution. In this way the DX-centre levels off the 
maximum  attainable  electron  concentration.  In  sample  A 
the  total  electron  density is such that  the  corresponding 
Fermi level  lies  well below 200 meV, whereas in sample D 
it  does  not. 
If indeed DX-centres were responsible for the dis- 
crepancy of the  electron  density  as described above,  one 
should expect to observe  the PPC effect. Suprisingly, 
however, the  electron  concentration  has  hardly  changed 
after illumination of the sample. This means that there 
are no DX-centres at all and  the  arguments given above 
are  wrong. 
Recently Beall et a1 [l21 presented SIMS and CV 
measurements on &doped  GaAs  structures  in  the  same 
range of growth temperatures and doping concentra- 
tions.  They  found evidence that at doping  concentrations 
above 4 x 1OI2 cm-' only a fraction of the silicon is 
deposited on electrically active sides. The  remainder of 
silicon forms  clusters or  at higher growth  temperatures, 
above 590 "C, even small  droplets.  In view of their results 
we think that this  mechanism is also  responsible  for  the 
discrepancies between the  electron  concentration and  the 
sheet doping  concentrations  found  in our samples. 
We have already discussed the discrepancy between 
the  electron  density derived from  van  der Pauw  and SdH 
measurements. The Hall electron density in samples A 
and D is much smaller than  the electron  density derived 
from the FFT measurements. As stated before, this is due 
to the different mobilities in the different subbands.  It is 
likely that  the width of the  donor  distribution is  larger  in 
samples C and F, grown at high temperature, than in 
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samples A and D, grown at low temperatures. Table 4 
shows that this is indeed true in the  samples investigated. 
In this case for sample A and D a  strong  overlap between 
the envelope function and  the scatterers exists only for 
the lowest subband, see figure 4. As a consequence we 
expect that the mobility in the  various  subbands differs 
more  strongly in samples A and D than in samples C and 
F [13]. This is consistent with the  observation that 
samples A and D show the strongest discrepancy be- 
tween the van der  Pauw  and the SdH measurements. 
Note that at room temperature the differences in 
electron densities determined from van der  Pauw mea- 
surements for samples A and C are  much smaller than at 
low temperature.  This is not suprising, because at room 
temperature  the  scattering of electrons on optical  phon- 
ons is the dominant scattering mechanism for all sub- 
bands involved. Thus the mobility in these subbands is 
not expected to differ that much. 
When the subband population is known and only 
two  subbands  are  populated we are  able to calculate  the 
subband mobility from the Hall electron density and 
mobility [S], see table 5. This proves that the  mobility in 
the higher subbands increases when the distribution of 
the ionised donors becomes narrower. After illumination 
of sample A, the mobilities in the first and second 
subbands become 2150 cm2 V"s" and 10 900 cm2 
highest subband increases because the  electron  distribu- 
tion is shifted away from the  donors after illumination. 
This shift is due  to  the flat band  conditions in the  GaAs 
depletion layer which exist after neutralisation of the 
charged  acceptors due  to  bandgap excitation. In sample 
D, where three subbands are populated, we can only 
estimate the mobility in the subbands. The mobility in 
the lowest subband at 4.2 K is x l500 cm2 V"s-' and 
in the other  subbands x 5500 cm2 V-ls-'. 
Note that the mobilities observed in the narrow 8- 
doped  conduction layers of samples A and D are  much 
v- ls- 1 , respectively. We think that the mobility in the 
Table 4. The width of the donor distribution 
in  all samples as determined from the sdti 
measurements. 
ndon (cm-2) 480 "C 530 "C 620 "C 
2 x 10'2 20 A 30 A 60 a 
8 x 1012 20 A 80 a ? 
Table 5. The mobility  in the 
two subbands of the samples 
A, B and C each with a sheet 
doping  concentration of 2 x 
cm-2. 
A B C 
pO 2210 2030 2230 
p1 9250 8500 2230 
higher than the mobilities reported thus far [ S ,  71. In 
addition  to  the mechanism described above,  there may be 
a second mechanism which enhances the mobility. As 
van Hall et a1 C141 have shown, in a  heterostructure  the 
electron scattering is determined by the fluctuations in 
the distribution of the ionised scattering centres. It is 
likely that in samples grown at low temperature, like 
samples A and D, these fluctuations are smaller than 
in samples grown at high temperature, like samples C 
and F. 
We now turn to measurements of the CR. As men- 
tioned already, the widths of the CR are very broad 
compared with the width of the CR in a 
GaAs/Al,Ga, -,As heterostructure. There are at least 
three  reasons for this broadening.  First,  the mobility and 
hence the  scattering time of the  electrons in the  8-doped 
layer is low compared with the case of a  heterostructure. 
Second, the high electron  density gives  rise to consider- 
able dielectric broadening of the CR (see [l51 and 
especially figure 4 therein). Third, the overlap of several 
CRS may also give  rise to  an  apparent broadening of the 
CR profile. Remember that more than one subband is 
populated. 
In the case that the  minimum in the FIR absorption is 
due  to a CR in only one  subband we can  determine  the 
effective mass of the electrons. We find that the effective 
mass in sample D is considerably enhanced above the 
effective mass at the r conduction  band  minimum. Since 
the  electron density is  very high in these structures  and 
the confining potential is very narrow it is likely that this 
enhancement is due to the non-parabolicity of the r 
conduction  band.  The effective mass which we obtained 
is, however, lower than  that expected from the calcula- 
tions of Rossler [lo]. In sample A the effective mass is 
smaller than in sample D and very close to the effective 
mass determined in bulk GaAs. This is also consistent 
within the  picture of non-parabolicity because the elec- 
tron density in sample A is much smaller than in sample 
B. At present we cannot explain the complicated be- 
haviour of the effective mass as a function of the CR 
energy. 
5. Conclusion 
In conclusion, we have shown that for the growth of 
narrow silicon 8-doped  layers in GaAs  a lower substrate 
temperature is fortuitous.  Measurements on the  subband 
population using the sdH effect show that the &doped 
samples we have grown at 480 "C display very narrow 
doping profiles, down  to 20 A. In these very narrow 8- 
doped layers the mobility is enhanced  strongly. To  our 
knowledge these samples show the highest mobility 
reported to date. We think that the  enhancement of the 
mobility is due  to a smaller overlap of the ionised donors 
with the  electrons in the higher subbands.  In these very 
narrow &doped layers we were able to determine the 
effective mass by CR measurements for the first time. The 
results show that in a  sample with a high electron density 
the effective mass is considerably  enhanced. 
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